Escherichia coli counts in household drinking water may or may not reliably indicate the presence of diarrheogenic pathogens originating in feces. The extent to which a bacterial indicator like E. coli predicts risks from all classes of pathogens (viruses and parasites as well as bacteria), especially in tropical waters, is uncertain. To investigate the association between E. coli in household drinking water and diarrheal diseases in Cambodia, we conducted a 22 week cohort study in a rural village in Kandal Province. Episodes of diarrhea (all) and bloody diarrhea (dysentery), water quality, water sources, and other covariates were monitored biweekly in 180 households. Households used a variety of water treatment, storage, and handling practices.
INTRODUCTION
Drinking water quality interventions at the household level have been shown to be effective in reducing diarrheal diseases , although studies examining the relationship between measured microbial indicators in drinking water and health outcomes may reveal only a limited association (e.g., Moe et al. 1991) or no association (Gundry et al. 2004; Jensen et al. 2004) . The use of E. coli as an indicator for human fecal contamination is problematic in tropical environments, where it may be found in pristine waters (Hazen & Toranzos 1990) . Nevertheless, drinking water safety guidelines and water quality regulations throughout the world rely on measured E. coli levels to indicate human health risks.
In this paper, we report on a 22 week study in rural Cambodia that included biweekly collection of household drinking water quality (E. coli) and diarrheal disease data in 180 households. Regression analysis was applied to measure the association between the levels of E. coli in household drinking water and the outcomes of diarrheal disease (all types) and dysentery (diarrhea with blood) experienced by household members in the previous seven days. doi: 10.2166/wst.2008.439 An initial map of all households within the village was constructed and households were approached in clusterrandomized order. All eligible households were invited to participate in the study. Eligibility criteria were that the households stored drinking water at the household level, had one or more children under five years of age (up to 48 months at the time of enrollment; infants who were not yet drinking water were excluded from the study), that the household was located within the village of Prek Thmey as defined by district authorities, and that the head of household and the primary caregiver (if a different person) agreed to voluntarily participate. Households were recruited until the a priori sample size criterion of 180 households was met. In exchange for full participation in the study, all households received a ceramic water purifier (CWP) as manufactured by the local NGO Resource Development International-Cambodia (US$8 value).
Households were also supplied with several packets of UNICEF soluble oral rehydration salts at each household visit, regardless of whether households reported diarrheal disease. The study design and plan for household recruitment and informed consent were approved by the University of North Carolina's Institutional Review Board and the Cambodian Ministries of Health and Rural Development.
Data collection
Data on diarrheal disease, water quality, and other household factors were collected as part of a broader study of householdlevel environmental health, including the effectiveness of water quality interventions in reducing diarrheal disease outcomes. All participating households were visited eleven times for water sample collection and family health interviews.
Data on water use and handling practices, sanitation and hygiene, and other potentially important covariates were gathered at each visit as well. All survey instruments were prepared in both English and Khmer prior to use in the study.
They were pre-structured and pre-tested (by back-translation from Khmer to English and used in pilot interviews). Surveys used simple, straightforward language with predominantly closed (multiple choice) questions.
The primary caregiver was asked to provide a 7-day binary recall of diarrheal disease for herself and all members of the household, beginning with the day of the interview.
Diarrhea was defined as three or more loose or watery stools in a 24-hour period diarrhea with blood indicated dysentery. Data to ascertain discrete cases or case duration were not collected.
Water samples of 250 ml volume were taken from each household in the study at each household visit to measure concentrations of fecal indicator bacteria and turbidity.
Participants were asked to collect a sample of water in the sample container as if it were a household drinking cup. Often the collected water had been boiled or filtered and was separate from water used for other household purposes such as washing and cooking. Samples were kept cool (48C) and transported as quickly as possible to the laboratory in Kien Svay, where analysis was performed as soon as possible, in all cases within 24 hours. E. coli were quantified in water samples using membrane filtration (MF) followed by incubation on selective medium (containing chromogenic and fluorogenic b-glucuronide and b-galactoside substrates) for colony formation and reported as colony-forming units (cfu) per 100 ml.
All samples were processed in duplicate using a minimum of In addition to the household data collected on health and water quality, data on potential covariates were collected during household visits. Questions were asked related to water gathering, treatment, storage, and use practices and to document sanitation and hygiene conditions and practices.
Socio-economic data were also collected. Observational data, such as presence of soap in the home, data on types and numbers of water storage containers, details on family filter use, and presence of animals or animal waste in the home were used to supplement survey data collected in interviews.
Survey and water quality data were entered into a Microsoft Excel spreadsheet and copied into Stata 8.1 (StataCorp, College Station, Texas, USA) for analysis, excluding direct personal identifiers of the study participants. All data were entered twice by separate data entry staff and compared to minimize data entry error.
Analysis
Regression models were used to analyze diarrheal disease (all diarrheal illness and dysentery) prevalence proportions by exposure status, which were defined as log 10 levels of E. coli in 100 ml samples of household drinking water. Prevalence proportion ratios were computed via a Poisson extension of generalized estimating Equations (GEE), adjusting for clustering of diarrheal disease outcomes within households and within individuals over time ). The GEE model and its application to binary longitudinal data accounting for correlation is fully described by Diggle et al. (2002) . The model uses the marginal expectation (average response for observations with the same covariates) as a function of covariates in the analysis; correlation between individual observations is computed via a variance estimation term. The GEE model assumed that missing observations are Missing Completely at Random (MCAR) as described by Little & Rubin (2002) : that the probability of an observation being missing is not related to measured or unmeasured cofactors that may be related to the exposure (water quality) or the outcome (diarrhea).
All potential measured confounders, including presence of a water quality intervention (ceramic filter, boiling), socio-economic status, and sanitation and hygiene-related factors, were assessed in the analytical model. Potentially confounding variables in the analytical model were (i) those that affect the exposure in the study population (e.g., water source and household water handling practices); and (ii) those that are risk factors for the outcome of diarrheal disease (e.g., lower SES, lower maternal education, other exposure pathways) (Last 2001) . Confounders were identified based on an a priori change-in-effect criterion of 10%.
Adjusted estimates are reported.
Longitudinal prevalence ratios
The measure of diarrheal disease risk in this study was the longitudinal prevalence ratio. The exposure group longitudinal prevalence proportion is the number of observations (person-visits) with the outcome (diarrhea/dysentery) divided by the total observations within that exposure group. Not all individuals were followed for the same number of observations in this closed cohort due to missing observations, loss to follow up, and deaths, but loss to follow up was assumed to be unrelated to the exposure (log 10 concentration of E. coli in drinking water) or outcome. Because a seven day recall period was used at each household visit and no data were collected on case duration or frequency, the prevalence proportion calculation had a resolution of seven days. The longitudinal prevalence ratio is the exposure level-specific prevalence proportion divided by the prevalence proportion in the reference group. In this analysis the , 1 E. coli/100 ml exposure level was the reference group and all reported longitudinal prevalence ratios have been adjusted for clustering of the outcome within households and between repeated observations of individuals.
Recall periods of greater than 48 hours may lead to underreporting of cases (Alam et al. 1989; Boerma et al. 1991; Schmidt et al. 2007 ) although 7 day recall periods are common in practice . Logistic and resource limitations restricted the number of total household visits in this study, necessitating the use of 7 day recall to capture sufficient time at risk for participants.
RESULTS

Diarrheal disease and water quality
Characteristics of study participants are presented by exposure status in Table 1 . Because the exposure (E. coli count in 100 ml sample of household drinking water) and relevant covariates (e.g., water source or hygiene conditions) generally varied p Missing observations were treated as missing completely at random in the analysis as defined by Little & Rubin (2002) . † Children who did drink household water and who were aged less than 48 months at the start of the study. ‡ Defined as 3 or more loose or watery stools in a 24 hour period. Recall period was 7 days and binary. Multiple case incidence data were not collected. § Defined as any diarrhea with blood in the stool. These cases are a subset of all diarrheal disease reported. k Multiple sources possible. { Nephelometric turbidity units, as measured using a Hach Pocket w turbidimeter. Arithmetic mean of three samples of the household drinking water.
pp The primary caregiver was asked to demonstrate the normal method of collecting drinking water from storage containers. † † Shared or own latrine (any type). ‡ ‡ Computed from total household income, self-reported. § § Own or shared connection to electrical grid. kk Primary caregiver responded that they did wash hands "always" with soap at critical points such as after defecating, before preparing food, or after cleaning a child.
between visits, data are presented as individual observations (number of people £ number of household visits). There was a positive association between reported diarrheal disease (all and dysentery) and increasing log 10 concentrations of E. coli, although this association was not strong nor did the effect increase with increasing concentration. Results of GEE analysis are presented in Tables 2-5 for all diarrhea and dysentery in all participants and in children under 5 years of age. No difference was observed between diarrheal disease or dysentery for those having ,1 E. coli cfu/100 ml in household drinking water and those having 1-10 E. coli (cfu)/100 ml in household water. Small, non-linear, but statistically significant increases in diarrheal disease were observed within strata of 11-100 E. coli cfu/100 ml, 101-1,000 E. coli cfu/100 ml, and 1,001 þ E. coli cfu/100 ml for both outcomes and in the group as a whole as well as in children. Estimates were adjusted for clustering within households and within indivi- were identified based on a 10% a priori change-in-estimate criterion, including presence of a water quality intervention (ceramic filter or boiling). were identified based on a 10% a priori change-in-estimate criterion, including presence of a water quality intervention (ceramic filter or boiling). Moe et al. (1991) found no relationship between diarrheal illness rates and good quality (, 1 E. coli/100 ml) versus moderately contaminated drinking water (2-100 E. coli/100 ml) in a field study from the Philippines. It was only when E. coli levels in water were . 100 cfu/100 ml that increasing concentrations were associated with increasing risks of diarrheal disease. In this study, E. coli in household water at levels of 10/100 ml or lower were associated with a lower risk of diarrheal disease than E. coli levels .10/100 ml. These results are consistent with the World Health Organization Guidelines for Drinking-water Quality, which consider water with no more than 10 E. coli/ 100 ml to be of relatively low risk and of low priority for action if also rated to be of low risk based on sanitary inspection (WHO 2006).
CONCLUSIONS
Although we do not report a strong association between E. coli concentrations in household drinking water (dose) and diarrheal disease outcomes (response) in this study, we cannot conclude that household water quality is not an important determinant of diarrheal disease. Household water quality as measured by E. coli counts in biweekly samples, however, may be expected to have little predictive value for assessing risk of diarrheal diseases over time. The continued use of E. coli and other members of the coliform group as a basis for decision-making about water quality, water treatment and overall water handling practices needs to be reexamined in light of the growing body of evidence that suggests E. coli may be a poor indicator of waterborne disease risk in at least some settings. 
